While many functions of the p53 tumor suppressor affect mitochondrial processes, the role of altered mitochondrial physiology in a modulation of p53 response remains unclear. As mitochondrial respiration is affected in many pathologic conditions such as hypoxia and intoxications, the impaired electron transport chain could emit additional p53-inducing signals and thereby contribute to tissue damage. Here we show that a shutdown of mitochondrial respiration per se does not trigger p53 response, because inhibitors acting in the proximal and distal segments of the respiratory chain do not activate p53. However, strong p53 response is induced specifically after an inhibition of the mitochondrial cytochrome bc1 (the electron transport chain complex III). The p53 response is triggered by the deficiency in pyrimidines that is developed due to a suppression of the functionally coupled mitochondrial pyrimidine biosynthesis enzyme dihydroorotate dehydrogenase (DHODH). In epithelial carcinoma cells the activation of p53 in response to mitochondrial electron transport chain complex III inhibitors does not require phosphorylation of p53 at Serine 15 or up-regulation of p14 ARF . Instead, our data suggest a contribution of NQO1 and NQO2 in stabilization of p53 in the nuclei. The results establish the deficiency in pyrimidine biosynthesis as the cause of p53 response in the cells with impaired mitochondrial respiration.
While many functions of the p53 tumor suppressor affect mitochondrial processes, the role of altered mitochondrial physiology in a modulation of p53 response remains unclear. As mitochondrial respiration is affected in many pathologic conditions such as hypoxia and intoxications, the impaired electron transport chain could emit additional p53-inducing signals and thereby contribute to tissue damage. Here we show that a shutdown of mitochondrial respiration per se does not trigger p53 response, because inhibitors acting in the proximal and distal segments of the respiratory chain do not activate p53. However, strong p53 response is induced specifically after an inhibition of the mitochondrial cytochrome bc1 (the electron transport chain complex III). The p53 response is triggered by the deficiency in pyrimidines that is developed due to a suppression of the functionally coupled mitochondrial pyrimidine biosynthesis enzyme dihydroorotate dehydrogenase (DHODH). In epithelial carcinoma cells the activation of p53 in response to mitochondrial electron transport chain complex III inhibitors does not require phosphorylation of p53 at Serine 15 or up-regulation of p14 ARF . Instead, our data suggest a contribution of NQO1 and NQO2 in stabilization of p53 in the nuclei. The results establish the deficiency in pyrimidine biosynthesis as the cause of p53 response in the cells with impaired mitochondrial respiration.
dihydroorotate dehydrogenase | mitochondrial electron transport chain | NQO1 and NQO2 | p53 tumor suppressor | apoptosis T he mitochondrion is the major power station of the cell that generates most of the cell's supply of ATP. In addition, mitochondria are involved in a range of intracellular processes, such as cell growth and division, differentiation, apoptosis, and intracellular signaling (1) . The molecular mechanism of mitochondrial energy transformation involves the electron transport chain (ETC) that consists of electron transfer complexes I-IV embedded in the inner mitochondrial membrane. The ETC converts high energy potential of electrons from NADH and FADH 2 into the energy of electrochemical proton gradient across the inner membrane that drives the synthesis of ATP by the ATP-synthase (complex V). Besides, mitochondria participate in the synthesis of many metabolic intermediates, including the de novo biosynthesis of pyrimidines. The latter process is catalyzed by dihydroorotate dehydrogenase (DHODH), an FMN flavoprotein in the inner mitochondrial membrane, which transfers electrons from dihydroorotate to ubiquinone of the ETC for further oxidation (2) .
The p53 tumor suppressor mediates important quality control functions by limiting proliferation and survival of abnormal or damaged cells. Mitochondria are critically important for the p53-mediated cell death, because p53 controls transcription of several genes that affect the release of mitochondrial cytochrome c (3). In addition, p53 can induce a transcription-independent apoptosis through the direct interaction with Bcl-2 family proteins (4) . On the other hand, p53 also plays homeostatic roles in mitochondria (5) as it controls mtDNA copy number through the p53 regulated M2 subunit of ribonucleotide reductase (6) and stimulates mitochondrial respiration and ATP production through up-regulation of SCO2 and AIF genes (7, 8) .
Despite the established significance of p53 in mitochondrial physiology there is little information regarding signals emitted by mitochondria that trigger p53 response. Yet substantial changes in mitochondrial respiration and in the activity of ETC are observed during exposure to hypoxia (9) as the side effects of drugs leading to hepatotoxicity (10) and cardiotoxicity (11) in the inherited succinate dehydrogenase deficiency associated with the development of paragangliomas and pheochromocytomas (12) , etc. Activation of p53 in response to an obstruction of mitochondrial ETC may additionally contribute to tissue damage. Mitochondrial ROS were implicated in uncoupling of ETC and in p53 activation in response to hypoxia (13) . However, the role of mitochondrial ETC activity in the induction of p53 response remains ambiguous. It was suggested that mitochondrial activity could be required for the stress-induced activation of p53, as inhibitors of complexes I and V mitigate the response to etoposide treatment (14) and inhibitors of complex III interfere with the activation of p53 after treatment with cisplatin (15) . On the other hand, it was noticed that certain ETC inhibitors produce a cell senescence phenotype associated with a modest activation of p53, leading to the suggestion that the reduced mitochondrial membrane potential (MMP) could initiate the p53 response (16) .
In this study we blocked by specific inhibitors each of the mitochondrial ETC complexes and monitored p53 induction. We conclude that neither the compounds that reduce MMP nor the suppression of ETC activity per se can trigger the p53 response. However, an activation of p53 and an induction of a p53-dependent apoptosis can be elicited specifically by inhibitors of mitochondrial complex III, which cause depletion of pyrimidines through the inhibition of a functionally coupled DHODH. We found that the deficiency in pyrimidines is critical for the induction of p53 in response to ETC complex III inhibitors. The results provide a previously unknown functional link between mitochondrial respiration and the p53 pathway and suggest a contribution of NQO1 and NQO2 in stabilization and nuclear retention of p53 in epithelial cells with exhausted pools of pyrimidine nucleotides. mitochondrial ETC complexes. In RKO cells the treatment for 16-18 h with complex I inhibitors piericidin and rotenone, complex II inhibitor TTFA, and cytochrome c oxidase (complex IV) inhibitor KCN produced almost no effect on the level of p53. However, a significant accumulation of p53 was observed after the treatment with complex III inhibitors myxothiazol, stigmatellin, and antimycin A (Fig. 1A) . Similar effects were observed in A549 and HCT116 cells (Fig. S1 A and B) . In HeLa cells there was also a substantial up-regulation of p53 level in response to myxothiazol and stigmatellin but no effect of piericidin and rotenone (Fig. 1B) . A p53-dependent reporter was also markedly induced: 7-8-fold after the treatment with myxothiazol and stigmatellin and 2.5-fold after the treatment with antimycin A (Fig. 1C) , while there was no effect of the inhibitors in the cells transfected with the control reporter plasmid containing antioxidant response elements (ARE) (Fig. S1D) . There was no activation of the p53-dependent reporter after treatment with the inhibitors of complex I (piericidin), complex II (TTFA) and complex IV (KCN or NaN 3 ) (Fig. 1C and Fig. S1C ). Similar results were obtained with the RKO reporter cells, although the magnitude of the induction was less explicit due to higher background level (Fig. S1E) . We conclude that the induction of p53 response is specifically triggered by the inhibition of ETC at complex III but not by the impairment of the ETC itself.
Myxothiazol that demonstrated the most pronounced effect was chosen for further experiments. In RKO cells the treatment with myxothiazol induced a substantial accumulation of p53 in the nuclei, and only trace amounts of p53 were observed in the mitochondrial fraction (Fig. S2) . In response to myxothiazol there was a dose-dependent accumulation of p53 (IC50 ∼ 40 nM) reaching maximum at 12-16 h (Fig. S3 A-D and G) . In HeLa cells the induction of p53-dependent reporter and accumulation of p53 and the p53-responsive p21 was dose-dependent and started 16-20 h after the addition of the inhibitor (Fig. S3 E-G) . In RKO cells we observed an induction of transcripts from the CDKN1A (p21) gene (Fig. S3H) and accumulation of the p21 and Mdm2 proteins (Fig. S3I) . Similarly, the induction of p21 was observed in A549 and HCT116 cells.
The myxothiazol treatment induced morphological changes characteristic to apoptotic cell death, which came along with the increase in the fraction of Annexin V-positive cells (Fig. S4 ) and processing of the effector caspases 3 and 7 ( Fig. 1 D and E) . The changes were blocked when the myxothiazol treatment was carried out in the presence of the caspase inhibitor ZVAD-FMK ( Fig. 1 D and E and Fig. S4 ) and were substantially suppressed in the p53 knockout HCT116 cells ( Fig. 1E and Fig. S4 ).
The p53 Up-Regulation Induced by Complex III Inhibitors Is Largely ROS-and MMP-Independent. Inhibition of complex III by myxothiazol was previously shown to be associated with increased intracellular levels of ROS (17) . Correspondingly, we found a slightly increased level of ROS in the cells treated with complex III inhibitors. The effects were sensitive to the ROS scavenger N-acetylcysteine (NAC) (Fig. S5 A and B) . However, pretreatment of RKO and A549 cells with NAC did not prevent the accumulation of p53 in response to complex III inhibitors ( Fig. 2A and Fig. S6A ), whereas it completely prevented the accumulation of p53 in response to hydrogen peroxide (Fig. 2B) . Similarly, in HeLa cells the pretreatment with NAC did not prevent the activation of p53-dependent reporter after treatment with complex III inhibitors (Fig. 2D) . Therefore, the observed induction of p53 cannot be explained by a ROS-mediated mechanism.
We also found that treatment with uncoupling reagents SF, TTFB, FCCP, or dinitrophenol fail to induce a notable accumulation of p53 ( Fig. 2C and Fig. S6B ) or to increase its transcription activity (Fig. 2E) . The results argue against the proposed role of mitochondrial membrane depolarization induced by ETC inhibitors in the up-regulation of p53 (16) .
Complex III Inhibitors Up-Regulate p53 by Blocking the Dihydroorotate Dehydrogenase Step of Pyrimidine Biosynthesis. Our results indicate that the p53 response is triggered by the inhibition of ETC at the cytochrome bc1 complex. However, oxidized ubiquinol produced by the cytochrome bc1 complex is essential for the de novo biosynthesis of pyrimidines, namely for the dihydroorotate oxidation by DHODH, an enzyme that is localized at the inner mitochondrial membrane (2) . Inhibition of biosynthesis of pyrimidines was observed after blocking complex III with antimycin A (18). We measured changes in the intracellular concentrations of purine and pyrimidine nucleotides following treatment of RKO cells with ETC inhibitors (Table 1 ). Similar to a specific inhibitor of DHODH leflunomide (19) , the treatment with myxothiazol was capable of decreasing the intracellular levels of pyrimidines (approximately fourfold) without affecting purines. Meanwhile, the cytochrome c oxidase (complex IV) inhibitor KCN could affect neither p53 nor the levels of pyrimidines.
Considering specific role of mitochondrial ETC in p53 up-regulation, we tested an effect of myxothiazol in mtDNA-depleted (ρ0) A549 cells. The ρ0 cells were maintained in a medium supplemented with uridine and pyruvate to complement the metabolic deficiency connected with the defective ETC. Treatment with 5-fluorouracil caused an induction of p53 in the control A549 cells as well as in their ρ0 derivatives. However, myxothiazol was capable of inducing p53 accumulation only in the control cells and failed to activate p53 in the ρ0 A549 cells (Fig. 3A) .
The result could indicate that the activation of p53 in A549 cells requires an intact mitochondrial function, which is absent in the ρ0 cells. However, as the medium for the ρ0 cells contained uridine, an equally possible explanation was that the uridine supplementation may complement the metabolic deficiency that triggers the p53 response. Indeed, a supplementation with uridine at 50-75 μg∕ml prevented the p53 induction in response to myxothiazol (Fig. 3B) and decreased substantially the induction of p53-dependent reporter in response to complex III inhibitors ( Fig. 3E and Fig. S7A) . Orotate, the product of the reaction catalyzed by DHODH, unlike dihydroorotate, the substrate in the same reaction, prevented the activation of p53 in response to complex III inhibitors (Fig. 3C and F and Fig. S7 A and B) . Furthermore, the DHODH inhibitor leflunomide was also capable of inducing p53 accumulation (Fig. 3D) . The results indicate that the myxothiazol-induced activation of p53 is driven by the deficiency in pyrimidines rather than by the inhibition of the ETC.
Complex III Inhibitors Activate p53 Through Interfering with Its Degradation in 20S Proteasomes. In normal cells a p53 protein level is maintained through a controlled degradation in 26S and 20S proteasomes (20, 21) . Targeting to the 26S proteasomes is achieved through a polyubiquitinylation by Mdm2 and other E3-ligases (22) , and the process is interrupted by stresses, through phosphorylation of p53 at its N termini or through overexpression of the p14 ARF inhibitor protein (23) . Up-regulation of p53 can be also achieved through binding to NAD(P)H:quinone oxidoreductase 1 (NQO1) and NRH:quinone oxidoreductase 2 (NQO2) that provide protection form ubiquitin-independent degradation of p53 in 20S proteasomes (24, 25) .
In A549 and RKO cells we found strong stimulation of Ser15 phosphorylation after treatment with 5-fluorouracil or with etoposide but not after treatment with myxothiazol for 12-16 h (Fig. 4 A and B) , the time points at which the p53 accumulation reaches maximal levels. Modest accumulation of phosho-Ser15 p53 was observed only by 18-25 h. A similar dynamic of Ser15 phosphorylation was observed in RKO cells after treatment with N-(phosphonacetyl)-L-aspartate (PALA), another inhibitor of de novo pyrimidine nucleotide biosynthesis acting upstream of DHODH (Fig. 4B) . Then we compared changes in the p14 ARF levels following myxothiazol treatment. In HeLa cells the treatment resulted in a slight decrease in the level of p14 ARF (Fig. 4C) , while in RKO and A549 cells the levels were undetectable despite the treatment (Fig. 4C ). Yet we found that treatment with either 
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Uridine and orotate (but not dihydroorotate) suppress myxothiazol-induced activation of the p53-dependent reporter. Luciferase reporter assay of p53-dependent transcription in HeLa cells exposed to 1 μM myxothiazol (MXT) for 22 h in the presence of 50 μg∕ml uridine (URD) (E) or in the presence of 1 mM orotate (ORT) or 1 mM dihydroorotate (DHO) (F).
NQO1 inhibitor dicoumarol or NQO2 inhibitor resveratrol produced a similar in magnitude suppression of the myxothiazol-induced stabilization of p53 in RKO cells (Fig. 5A ) and prevented the stimulation of p53-dependent reporter in HeLa cells (Fig. S8A) . Similar inhibition by dicoumarol of the p53 stabilization and reporter activation was observed in RKO and HeLa cells treated with pyrimidine biosynthesis inhibitor PALA (Fig. S8 B and C). Stable inhibition of either NQO1 or NQO2 expression in RKO cells by introduction of lentiviral constructs expressing appropriate shRNAs each resulted in a twofold reduction in myxothiazol-induced p53 stabilization ( Fig. 5 B and D) . The effect of dicoumarol was absent in the cells with inhibited NQO1, while resveratrol was still potent in reducing the p53 stabilization (Fig. 5C) . Similarly, resveratrol did not affect the induction of p53 in RKO cells with knocked-down NQO2 (Fig. 5E ). Considering that NQO1 and NQO2 participate in the induction of p53 we tested by confocal microscopy intracellular localization of the proteins following myxothiazol treatment. We found that in untreated RKO cells NQO1 was present exclusively in the cytosol, and NQO2 was distributed throughout the cells at very low level with no apparent nuclear localization. In the cells treated for 12 h with 2 μM myxothiazol both NQO1 and NQO2 produced bright nuclear staining, which perfectly colocalized with the accumulated nuclear p53 (Fig. 5F and Figs. S9 and S10). The result suggests that the accumulation of p53 in response to complex III inhibitors depends on NQO1 and NQO2, which acquire nuclear localization and possibly assist in nuclear retention and protection from the degradation of p53 in 20S proteasomes.
Discussion
Changes in mitochondrial respiration have been reported in many pathologic conditions (9-12) although not much is known about signals from an impaired electron transport chain that could induce p53 stress response thereby contributing to tissue damage. Previous evidence suggests that mitochondrial ETC could play a role in stress-induced activation of p53 (13) (14) (15) (16) . However, in the present study we found that the inhibition of mitochondrial ETC does not necessarily generate p53-activating signals. Blocking ETC with complex I inhibitors piericidin and rotenone, or with complex IV inhibitors KCN and NaN 3 , was not sufficient to induce p53 response in four human carcinoma cell lines expressing wild-type p53. Similarly, no activation of p53 was observed in response to dissipation of MMP by protonophorous uncoupling reagents. The results indicate that simple deficiency in the energy-generating mitochondrial functions is not sufficient to elicit the p53-dependent stress response. Yet we found that substantial p53 activation can be induced in response to specific inhibitors of complex III. Remarkably, the activation was observed also in HPV-positive HeLa cells, suggesting that the NQO1/2-mediated induction circumvents the E6-mediated degradation of p53. We also found that the inhibitors induce p53 dependent apoptotic cell death. The data suggest that although the inhibition of ETC by itself is not sufficient for p53 activation, a function linked to the mitochondrial complex III could be responsible for triggering the p53 response. Of note, the activation of p53 by complex III inhibitors cannot be abrogated by the ROS scavenger NAC suggesting that it is ROS-independent.
The function of DHODH, an enzyme involved in the de novo biosynthesis of pyrimidines, depends on the activity of complex III. Correspondingly, we found that myxothiazol induced a depletion in pyrimidines without affecting purines. Supplementation with uridine or with orotate, the product of the reaction catalyzed by DHODH, abolished the p53 activation, whereas the DHODH substrate dihydroorotate produced no effect. Finally, similar to complex III inhibitors, the specific inhibitor of DHODH leflunomide induced up-regulation of p53. The results confirm that the impairment of de novo pyrimidine biosynthesis at the DHODH step triggers p53 activation in response to complex III inhibitors.
The smaller N-terminal domain of DHODH forms a tunnel in the inner mitochondrial membrane that provides access of ubiquinone to FMN, which is bound at the active site of the larger catalytic domain [2] . DHODH relies on ubiquinone that is provided by complex III, thereby forming a functional link between mitochondrial ETC and pyrimidine biosynthesis. The inhibition of complex III forces ubiquinone to its completely reduced state, ubiquinol, which is no longer able to accept electrons from dihydroorotate in the reaction catalyzed by DHODH.
Remarkably, complex IV inhibitor KCN, which is known to block oxidation of ubiquinol in isolated mitochondria, did not induce p53 or affect pyrimidine nucleotide levels. Neither did it affect the myxothiazol-induced up-regulation of p53. Probably a subpool of ubiquinone that is controlled by a cyanide-resistant and myxothiazol-sensitive pathway of ubiquinol oxidation is critical for maintaining the DHODH activity.
The depletion of ribonucleotide pools is known to be a strong inducer of p53 response, which in normal fibroblasts results in a p53-dependent arrest at the G1/S phase of the cell cycle (26) . Activation of p53 was reported after treatment of normal human fibroblasts with PALA, an inhibitor of aspartate transcarbamylase acting upstream of the DHODH in the de novo pyrimidine nucleotide biosynthesis pathway. In fibroblasts such activation of p53 leads to reversible cell cycle arrest that protects the cells from severe DNA damage and apoptosis (27) (28) (29) . In the human epithelial carcinoma cell lines used in this study, the activation of p53 response by complex III inhibitors or PALA induced apoptosis. The difference could be attributed to tissue-specific variations, although the question requires additional studies.
Although it was previously reported that in a human fibroblast model the induction of p53 after treatment with PALA proceeds in the absence of DNA damage (29) , recently it was found that the response in fact involves a limited accumulation of DNA damage that triggers ATR-CHK1-dependent p53 phosphorylation at Ser15 (30) . Yet in human carcinoma models we found that myxothiazol or PALA, unlike etoposide or 5-FU, can up-regulate p53 even without phosphorylation at Ser15. A limited accumulation of phospho-Ser15 p53 was detected at a much later time points when the p53 response reached its maximum. Therefore, in epithelial carcinoma cells, unlike in normal fibroblasts, the DNA damage response pathway is not likely to be a major contributor to the p53 induction under condition of pyrimidine nucleotides deficiency. Neither did we find any myxothiazol-induced changes in the p14 ARF levels. Instead, our data suggest that NQO1 and NQO2 appear to contribute to the stabilization and activation of p53. This recently identified pathway involves inhibition of the ubiquitin-independent degradation of p53 in 20S proteasomes through its binding to NQO1 or NQO2 (20, 24, 25) . We found that dicoumarol, which is known to interfere with the NQO1 binding to p53, and resveratrol, a highly specific inhibitor of NQO2 (31) , can mitigate the stabilization of p53 and the induction of p53-dependent reporter in response to treatment with myxothiazol or PALA. Similar to the drug inhibitors, the p53-inducing effect of myxothiazol was alleviated in the cells with NQO1 or NQO2 downregulated by specific shRNAs. Finally, we observed a substantial intracellular redistribution of NQO1 and NQO2 in response to myxothiazol treatment. The enzymes moved from cytoplasm to nuclei were they colocalized with the induced p53. The results suggest that in response to pyrimidine nucleotides deficiency in epithelial cells both NQO1 and NQO2 participate in the activation of p53, possibly by their association with p53 in the nuclei and protection from its degradation in 20S proteasomes.
Unlike a rather clear understanding of the mechanisms involved in the p53 induction in normal fibroblasts (30) , in epithelial cell models the exact pathway of NQO1/2-mediated p53 accumulation in response to exhausted pools of pyrimidine nucleotides is yet to be defined. Previous studies indicate that inhibition of transcription by RNA polymerase II at preelongation step or inhibition of transcription by RNA polymerase I can induce accumulation of p53 even in the absence of DNA damage and without phosphorylation of p53 at Ser15 (32-34). Possibly, the described NQO1-and NQO2-dependent alternative pathway of p53 induction in the cells with inhibited respiration and deficient nucleotide pools is triggered by similar perturbations in RNA biosynthesis. Further studies are needed to identify mechanistic link between the exhausted pools of nucleotides and the p53-stabilizing activity of NQO1 and NQO2.
Experimental Procedures
Cell Lines and Chemicals. The human cell lines bearing wild-type p53-A549, HeLa, RKO, and HCT116 were grown in DMEM supplemented with 10% fetal calf serum (HyClone). The A549 cells with depleted mtDNA (ρ0 cells) were selected and cultured in the same medium supplemented with 50 μg∕ml uridine, 100 μg∕ml pyruvate, and 50 ng∕ml ethidium bromide, as described (35) . Cells were incubated with the chemicals listed below as indicated in the legends to figures. RKO cells with knocked-down expression of NQO1 or NQO2 were obtained by introduction of lentiviral constructs pLKO1 expressing appropriate shRNAs (TRCN0000003769 and TRCN0000036711) obtained from Sigma-Aldrich Inc. and selection in the medium containing 2 μg∕ml puromycin for 4 d.
Mitochondrial ETC inhibitors myxothiazol, antimycin A, piericidin, rotenone, and thenoyl trifluoroacetone (TTFA), uncouplers dinitrophenol (DNP), 3,5-di-tert-butyl-4-hydroxybenzylide nemalononitrile (SF), carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), 4,5,6,7-tetrachloro-2-trifluoromethylbenzimidazole (TTFB) were from Sigma-Aldrich Inc.; stigmatellin was from Fluka. The inhibitors were added in concentrations necessary to completely block respiration of HeLa cells (myxothiazol, antimycin A, stigmatellin, piericidin, rotenone, KCN) or stimulate respiration suppressed by oligomycin (uncouplers) as described (36) .
Antibodies and Western Analysis. Antibodies to p53 (DO-1), p21 (F-5), NQO2 (H-50) and actin (C-2) were from Santa Cruz Biotechnology Inc.; antibodies to p14ARF (4C6/4) and phospho-p53 (Ser15) (16G8) were from Cell Signaling Technology Inc.; antibodies to NQO1 (A180, ab28947) were from Abcam. Inc.; and antibodies to caspase-3 (4-1-18) and caspase-7 (1-1-10) were a gift of Yuri Lazebnik.
For Western analysis cells were lyzed in reporter lysis buffer (Promega Inc.). For phospho-p53 (Ser15) analysis cells were harvested, washed with PBS, and immediately lyzed by boiling in SDS sample buffer for 5 min. Equivalent amounts of total protein were subjected to 12-18% SDS-polyacrylamide gel electrophoresis and processed as previously described (37) .
Reporter Assays. The luciferase reporter plasmids p53RE-luc, harboring p53 response elements (38) , or pARE/luc, harboring antioxidant response elements (39) , were transfected into HeLa cells along with β-galactosidase expression plasmid pcDNA4/HisMax/ lacZ (Invitrogen) using ExGene 500 transfection reagent (Fermentas). Twenty-four hours after the transfection cells were treated as indicated in legends to figures and incubated routinely for 20 h. Cells were lyzed in reporter lysis buffer (Promega Inc.), and luciferase and β-galactosidase assays were performed with the Luciferase Assay System (Promega Inc.). The reporter luciferase activities were normalized relative to the β-galactosidase activity. All experiments were performed in triplicates. Data are represented as mean AE SEM.
Measuring Concentrations of Purine and Pyrimidine Nucleosides. 50% confluent RKO cells (control or treated with 2 μM myxothiazol or 5 mM KCN for 16 h or 50 μM leflunomide for 40 h) were harvested and washed in PBS. The pellets containing approximately 10 6 cells were disrupted with 150 μl 10% trichloroacetic acid (TCA) and centrifuged for 2 min at 12,000 rpm. TCA in the supernatants was back-extracted with water-saturated diethyl ether to pH 5.0. To convert the nucleotides (NMPs, NDPs, and NTPs) into the corresponding nucleosides, the extracts were treated with 150 U of bacterial alkaline phosphatase and 1 U of calf intestine alkaline phosphatase (Fermentas) at 37°C overnight. Concentration of nucleosides in the extracts was analyzed by ACQUITY Ultra Performance LC/MS (Waters).
Confocal Microscopy. Cells were fixed in 4% formaldehyde/PBS, permeabilized with 4% formaldehyde/0.2% Triton X100/PBS, blocked in 3% BSA/PBS for 1 h at 4°C, and incubated overnight at 4°C with anti-p53 monoclonal antibody DO-1 (1∶200), and then for 6 h with anti-mouse-FITC antibodies (1∶200). The cells were again blocked with 3% BSA/PBS, incubated with anti-NQO1 monoclonal antibodies (1∶200), or with rabbit polyclonal anti-NQO2 antibodies (1∶50) overnight at 4°C, and stained with Rhodamine-conjugated goat anti-mouse or anti-rabbit secondary antibodies (1∶200) for 6 h at 4°C. Secondary antibodies were from Santa Cruz Biotech, Inc. The cells were washed with PBS and mounted in Tris-glycerol (1∶9, pH 8.0) for microscopy. For negative controls the procedure was the same, except the primary antibodies against NQO1 or NQO2 were omitted from the analysis. Instead, the controls were incubated with PBS overnight at 4°C. Cells were visualized with a Carl Zeiss LSM 510 confocal laser scanning microscope by using a 100x oil-immersion objective, appropriate filter sets, argon (488 nm), and helium-neon (543 nm) lasers.
